Abstract: The flora of the White Carpathians, a mountain range in the south-east of the Czech Republic, is documented by about 485,000 records of vascular plant occurrences collected since the mid-19 th century. A total of 1299 species recorded in 93 grid cells of 2.8 × 3.1 km were used for an analysis of spatial patterns of floristic diversity in the White Carpathians. Multivariate statistical techniques such as ordination and classification were used to reveal the main gradients in floristic composition and species richness, and measured environmental data and Ellenberg indicator values were used to assess underlying environmental factors. There is a striking floristic contrast between the western and eastern part of the study area, which is associated with differences in climate, mean altitude, topographic heterogeneity measured as altitudinal range, and land use. The western part is characterised by thermophilous, continental and calcicolous species of open habitats. In contrast, the more forested eastern part along the state border with Slovakia and the north-eastern part of the area are characterised by acidophilous species with higher moisture requirements. This pattern is consistent with the established phytogeographical division of the Czech Republic into the phytogeographical regions of Thermophyticum and Mesophyticum. The further division of the area into four regions, based on classified grid data, is also similar to the current division into phytogeographical districts, except for the Javorníky district. There are two distinct hot spots of species richness, in the western and the extreme north-eastern part. A poorer flora was found in landscapes with intensive agriculture. Species richness is associated with different environmental factors than species composition, namely with soil types and land-use categories. Alien species are more common in areas with a higher incidence of arable land and built-up areas, and less common in areas dominated by grasslands and forests.
Introduction
The White Carpathian (Bílé Karpaty) Mountains, a Protected Landscape Area and UNESCO Biosphere Reserve in the south-eastern part of the Czech Republic, is an area of great interest from the botanical point of view. It is situated in a transitional zone between the Pannonian and Carpathian flora regions. The semi-dry grasslands of the White Carpathians (Sillinger 1929; Tlusták 1975; Škodová et al. 2008) are renowned for the exceptionally high species richness of vascular plants, this being the highest found in both the Czech Republic and central Europe (Klimeš 1997 (Klimeš , 2008 . Apart from the semi-dry grasslands, other habitats of the White Carpathians, such as forests (Němec 2000) , wet meadows and fens (Hájek 1998 , Hájková et al. 2007 , and arable land (Otýpková 2001) are also known to be well-preserved and support many endangered species. The floristic composition and richness of the White Carpathians is assumed to result from several factors, such as their position in a phytogeographically transitional region, the history of landscape settlement and the long continuation of traditional management techniques (Jongepierová et al. 2007; Klimeš 2008) .
Occasional botanical research in the White Carpathians started in the mid-19 th century and intensified in the early 20 th century. A detailed floristic study, mainly in the south-western part of the White Carpathians, was carried out by Stanislav Staněk, an amateur botanist, from the 1920s to the 1940s. His field notebooks containing approximately 83,000 floristic records were converted into a regional floristic database (Staněk et al. 1996) , which was subsequently completed with other historical and recent records (Jongepier & Pechanec 2006) . In order to achieve a more regionally balanced data set, detailed floristic mapping took place in [2003] [2004] [2005] [2006] , focusing on less documented regions. The more than 485,000 records of vascular plants currently stored in the White Carpathian floristic database represent the largest floristic grid database in the Czech Republic (Petřík 2006; Petřík et al. 2009 ) and the fourth largest floristic database in this country.
Here we use this unique regional collection of floristic data to quantitatively assess landscape patterns of plant species composition and richness and their underlying environmental factors in the White Carpathians.
Material and methods

Study area
The White Carpathians Protected Landscape Area and Biosphere Reserve is situated on the Czech-Slovak border (Fig. 1a) within the Western Carpathian flysch zone and covers 747 km 2 . It is characterised by increasing mean annual precipitation and decreasing temperature, along with gradual altitudinal changes, from the south-western and central parts towards the national border and the northeastern part of the area (Figs 1c, d ). The western, northwestern and central-northern part of the area is a gently undulating landscape at lower altitudes (min. 180 m; Fig. 1b ), characterised by a relatively warm and dry climate (Fig. 1c) . The mountainous area along the national border (highest mountain 970 m a.s.l.) has the lowest temperatures (Tolasz et al. 2007; Fig. 1c ) and the highest precipitation (Fig. 1d) . The flysch bedrock of the White Carpathians is composed of alternating sandstone and claystone layers. The southwestern to central part of the area is based on calcareous claystones, whereas high-altitude areas along the state border and the central-north-eastern part are built on sandstones. Cambisol is the predominating soil type over the area (Kundrata & Kolajová 1992) .
Characteristic features of the White Carpathian landscape include species-rich semi-dry meadows (Bromion erecti alliance) with many orchids and scattered trees, occurring mainly in the south-western part, extensive areas of beech forests in the central and north-eastern part, and oak-hornbeam forests in the south-western part. According to the phytogeographical division of the Czech Republic (Skalický 1988) , the study area is divided into five phytogeographical districts (Fig. 2) , two of which are situated in the region of thermophilous flora (Thermophyticum) and three in the region of mesic Central European flora (Mesophyticum).
Floristic and environmental data
The regional database of vascular plants (known under the name of BKFLORA), containing approximately 485,000 records of vascular plant species occurrences, was analysed. The data stored in the database originated both from historical and recent sources, such as field notes of various botanists, herbaria, literature, nature reserve surveys and theses. Floristic records from phytosociological relevés were also used. The oldest records date back to the mid-19 th century. About 18% of records were collected during the floristic grid mapping organised in [2003] [2004] [2005] [2006] . Details on plant species distribution in the region were published in a local flora (Jongepier & Jongepierová 2006 ) and a distribution atlas of vascular plants (Jongepier & Pechanec 2006) . All floristic records were assigned to grid cells of 1.5 × 2.5 latitude × longitude, which corresponds to approximately 2.8 × 3.1 km. This grid, derived from the basic grid of Central European floristic mapping (Niklfeld 1999) , was also the basis of the distribution atlas of vascular plants of the White Carpathians (Jongepier & Pechanec 2006) . The same grid was used in our analysis, but new records collected since 2006 were added. Grid cells included in the atlas but situated on the border of the Biosphere Reserve were considered for the analysis only if more than 50% of their area was situated in the Biosphere Reserve, since only a few floristic records from areas outside the Biosphere Reserve were included in the database. In total, 93 grid cells were accepted for the analysis (Fig. 1) . Due to the various origins of the floristic records and variable reliability, taxa in the database were considered at different taxonomic levels. To standardise records from different sources, some taxa were merged into aggregates, and taxa identified at the genus level only were excluded from the analysis. Occasional garden escapes and cultivated plants were also excluded. The total number of species used in the analysis was 1299. The taxonomy and nomenclature of species followed Kubát et al. (2002) .
Environmental variables for each grid cell were derived from digital maps of soil types (1:5000; Mašát et al. 2002, www.vumop.cz) and climatic factors (Tolasz et al. 2007) by overlaying them in the geographic information system ArcGIS 9.1 (www.esri.com). The relative cover of particular land-use categories for each grid cell was taken from ZABAGED1, a digital model of the territory of the Czech Republic at a scale of 1:10,000 (www.cuzk.cz), whereas the Skalický (1988) .
relative cover of habitat types was derived from the Natura 2000 mapping performed in 2001-2003 and digitised by V. Pechanec. As Natura 2000 mapping contains more habitat categories and has a finer spatial resolution than land use, the occurrence of each habitat in a grid cell was used for the assessment of habitat diversity (Table 1) . Climatic (annual precipitation and mean annual temperature) and topographic (mean altitude and altitudinal range) variables were expressed by their mean value in each grid cell, whereas soil and land-cover characteristics were expressed as the percentage cover in each cell. Eleven soil types and nine land-use categories were included (Table 1) .
The proportion of native species, archaeophytes and neophytes (according to Pyšek et al. 2002b ) was calculated for each grid cell. The relationships between species richness and environmental variables were tested by Spearman correlations at a significance level of p < 0.05 using the STATISTICA 9.0 package (www.statsoft.com).
Mean Ellenberg indicator values (Ellenberg et al. 2002) were calculated in the JUICE 7.0 program (Tichý 2002) by averaging indicator values of the species in each grid cell. Species with missing values in the Ellenberg tables were not considered in the calculations, but this should not have affected the results considerably, as mean Ellenberg values are rather robust with respect to the number of species involved in the calculation unless this number is very small (Ewald 2003; Otýpková 2009) . The values were missing mainly for aliens, taxonomically problematic species and species with their distribution limit in the Carpathian or Pannonian region.
Ordination
Principal components analysis (PCA) from the CANOCO 4.5 package (ter Braak & Šmilauer 2002) was used to reveal the overall floristic pattern. This method, assuming a linear response of species to environmental variables, was selected after examining the gradient length on the first ordination axis of detrended correspondence analysis, which was rather short (1.32 SD units). For an interpretation of the PCA results, environmental variables were passively projected onto the ordination plot. The significance of the gross effect of each environmental variable on species composition was tested using the Monte Carlo permutation test in redundancy analysis (RDA) by performing 999 unrestricted permutations.
Classification Two-way indicator species analysis, TWINSPAN (Hill 1979) , was performed using the JUICE 7.0 program (Tichý 2002 ) to obtain groups of grid cells with similar floristic composition. Following Tichý & Chytrý (2006) , the diagnostic species for each group (those with occurrences concentrated in the given group) were determined using the phi coefficient of association. For this calculation, the size of all groups of grid cells was equalised in order to remove the effect of group size on the values of the phi coefficient. The significance of species concentration in a group, compared with random occurrence of the same species in the data set, was measured by Fisher's exact test. Species with a probability of observed occurrence concentration in a group of grid cells higher than 0.001 were excluded from the lists of diagnostic species. Each TWINSPAN group was characterised by its median value of environmental factors, species richness, habitat diversity and respective Ellenberg indicator values. Differences among groups were tested using the Kruskal-Wallis test and non-parametric post-hoc tests in the STATISTICA 9.0 program (www.statsoft.com).
Results
Species richness
The number of species per grid cell ranged from 280 to 867 (Table 1 ). There were local diversity hot spots in the south-western, central and north-eastern parts of the White Carpathians (Fig. 3a) . Fewer species were recorded in the central-northern part and in some areas along the state border. The lowest numbers of species per grid cell were recorded in the western and northern parts, which are dominated by arable land. Of the studied environmental variables, species richness significantly correlated only with Phaeozem (Spearman r s = 0.26), deciduous forest (r s = 0.42), coniferous forests (r s = −0.29) and built-up areas (r s = −0.3). Native species were more numerous in the central-western and northern parts of the White Carpathians and in forested areas along the state border (Fig. 3b) . Grid cells in these areas contained 80-90% of native species. Archaeophytes were more common especially in the nonforested western part, along the northern border of the Biosphere Reserve and also in the central-northern part of the study area (Fig. 3c) . In contrast, they were rare in the forested part of the study area along the state border. Neophytes were most numerous in the western and central-northern parts (Fig. 3d) . The proportion of archaeophytes and neophytes varied from 0 to 25% and 1 to 9%, respectively.
Ellenberg indicator values
We found distinct patterns of mean Ellenberg indicator values (Fig. 4) . Species requirements for light, temperature, continentality and soil reaction showed similar patterns (Figs 4a, b, c, e) . Species with higher requirements for these factors were concentrated in the southwestern part of the area and became rarer in the central and northern part. Higher values for light (Fig. 4a) appeared in grid cells with no or low forest cover. High values for temperature and continentality were associated with low altitude, high temperature and low precipitation (Figs 4b, c; . In addition to the south-western part, species with higher temperature requirements (Fig. 4b) also occurred in the central-northern (Bojkovice area) and eastern parts (Brumov-Bylnice area). On the other hand, continental species were rare in the northern and eastern part of the White Carpathians (Fig. 4c) . The soil reaction pattern (Fig. 4e ) reflected the differences between clayey and calcareous bedrock in the south-west and base-poor sandstones in the central and northern part. The moisture pattern (Fig. 4d) was the reverse of the temperature and continentality patterns. Higher values along the state border and in the central-north-eastern part of the area corresponded both to high precipitation and extensive forest cover. The pattern of nutrient requirements differed markedly from the other factors. High values were concentrated in the Luhačovice and Bojkovice areas in the central-northern part, as well as in the westernmost part and in some places along the national border. This pattern reflected the presence of a mosaic of agricultural landscape, grasslands and deciduous forest in the northern part, arable land in the west and nutrient-rich ravine woodlands along the border.
Ordinations
Due to the large number of species involved, the variation in species composition explained by the first and second PCA ordination axis was quite low, 12.7% and 9.1%, respectively. Nevertheless, a distinct pattern appeared in the ordination plot (Fig. 5) . Grid cells from the western and south-western part of the White Carpathians were concentrated on the right side, while those from the northern and north-eastern part were on the left. Out of 28 environmental variables, 18 had a significant effect on species composition (RDA, Monte Carlo permutation test, P < 0.001) and these were overlaid on the PCA ordination plot (Fig. 5) . As shown by the passively projected environmental variables, the main gradient in PCA was underlain mainly by climatic variables, mean altitude, altitudinal range and land use, whereas the second gradient was mainly due to land use. Classification TWINSPAN classification reflected the remarkable floristic difference between the south-western central and central north-eastern part of the White Carpathians. The first division of TWINSPAN clearly separated the south-western and central part of the White Carpathians from the northern part and the mountain ridge along the state border (Fig. 6) . In a further division, a small group of grid cells in the extreme west (Group 1) was separated from the rest of the southwestern-central part (Group 2), whereas the centralnorthern part (Group 3) was separated from the ridge along the state border (Group 4).
Alien and thermophilous species (Table 2) prevailed among the diagnostic species of Group 1, which had the lowest species richness per grid cell. Group 2 was well defined by a large number of native, Pannonian, moderately thermophilous and calcicolous species occurring mainly in grasslands. This group had the highest species richness per grid cell. Group 3, the largest of all groups, was poorly characterised by diagnostic species. Acidophilous and mountain species were concentrated in Group 4. As for environmental factors, Group 1 was characterised by high temperature, low precipitation and altitude, the occurrence of Chernozem and a relatively large proportion of arable land and built-up areas (Table 1, Fig. 5 ). Groups 2 Table 2 . Diagnostic species for TWINSPAN groups, defined by fidelity value Φ ≥ 0.50 and the probability of the observed pattern of species occurrence concentration in a group lower than 0.001 under random expectation. Species are ranked by decreasing fidelity value, i.e. by decreasing preference for particular groups. Archaeophytes and neophytes are labelled as arc and neo, respectively, and species with no label are considered as native (according to Pyšek et al. 2002b ).
Group 1
Sisymbrium strictissimum (neo), Althaea officinalis, Cucubalus baccifer, Nonea pulla, Panicum miliaceum (arc), Atriplex oblongifolia (arc), Mercurialis annua (arc), Peucedanum alsaticum, Sisymbrium altissimum (neo), Veronica triphyllos (arc), Salvia nemorosa, Artemisia pontica, Bunias orientalis (neo), Lycium barbarum (neo), Sclerochloa dura (arc), Inula helenium (neo), Verbascum chaixii subsp. austriacum, Euphorbia falcata (arc), Stachys recta, Populus nigra, Aristolochia clematitis, Datura stramonium (neo), Atriplex tatarica (arc), Urtica urens (arc), Rumex thyrsiflorus (neo), Lepidium ruderale (arc), Conium maculatum (arc), Chenopodium urbicum (arc), Rumex stenophyllus, Rumex patientia (neo), Chenopodium murale (arc), Bryonia alba (arc), Stachys annua (arc), Centaurea stoebe, Bolboschoenus maritimus agg., Thymus pannonicus, Nepeta nuda The TWINSPAN division into four separate groups is visualised in the ordination plot using different symbols: Group 1, Group 2, Group 3, Group 4 (compare Fig. 6 ). and 3 were characterised by intermediate temperature and altitude, higher precipitation and base-rich flysch bedrock, and the occurrence of Orthic Luvisols and Rendzinas. These groups had a similar proportion of arable land but they differed in the proportions of other land-use categories, namely deciduous and coniferous forests and grasslands (Table 1) . Group 4 covered areas with the lowest mean annual temperature, highest precipitation, altitude and altitudinal range, a higher proportion of deciduous forest and a lower proportion of arable land than the other groups. Although according to climatic and other environmental factors Groups 1 and 4 were the most distinct and Group 3 was similar to Group 2, according to the mean Ellenberg indicator values Groups 1 and 2, and 3 and 4 were similar to each other, except for nutrients (Table 1 ). The differences between Groups 2 and 3 using
Ellenberg indicator values were due to the presence of thermophilous species in Group 2, while Group 3 contained fewer continental and more mesophilous species (Fig. 4) , many of them being habitat generalists.
Discussion
Species richness
In the White Carpathians, the species richness pattern is driven by factors other than species composition (Fig. 3a, Table 1 ). Species richness is higher on Phaeozem soils and increases with cover of deciduous forest. Phaeozem is occasionally present mainly in the western part of the area and supports the formation of moist or wet habitats, enabling more species to coexist within a grid. Natural deciduous forests are generally well preserved in the White Carpathians and harbour many species that contribute to the total number of species in grid cells. In contrast, species richness decreases as the area of coniferous forests and built-up land increases. Human impact is considered to cause loss of natural habitats and extinction of native species (McKinney 2002) and spread of alien species (Kühn et al. 2004; Wania et al. 2006) . In the White Carpathians, the increased propagule pressure of aliens in manmade habitats does not, however, lead to the formation of a richer flora than that of well-preserved natural areas. The diversity hot spots revealed here correspond to sites with large areas of semi-dry grasslands in the south-western part of the Biosphere Reserve, such as the Čertoryje, Machová, Zahrady pod Hájem and Jazevčí nature reserves (Klimeš 2008) . High species richness in those areas is associated with a concentration of species with high requirements for light, temperature, continentality and soil reaction (Figs 4a, b, c, e) . The diversity hot spot in the eastern part is situated in an area, in which both thermophilous calcicolous and mountainous acidophilous species occur in grasslands, along with species with a Carpathian distribution and a higher frequency of forest species and aliens in the same area (Grulich 2008; Figs 3 and 4b) . Some thermophilous species probably migrated to this area from the Váh valley in the adjacent region of Slovakia (Grulich 2008) . Lower species richness in the central-northern part is likely to be the result of plant migration history and intensive management of grasslands and forests in the past.
The pattern of alien species richness differed from that of native species richness (Figs 3b-d) . Both groups of aliens, archaeophytes and neophytes, were concentrated at lower altitudes, which is consistent with the general decrease in the proportion of alien species with altitude that has been reported in several Central European studies (Pyšek et al. 2002a; Becker et al. 2005; Chytrý et al. 2008 Chytrý et al. , 2009 Simonová & Lososová 2008 ). In addition, archaeophytes were particularly common in areas with a high proportion of arable land, reflecting the fact that a large proportion of agricultural weeds in Central Europe are archaeophytes Pyšek et al. 2005; Sádlo et al. 2007; Lososová & Grulich 2009 ). However, it is unclear whether the main factor affecting the distribution of alien species is climate or human activities, because these two factors are strongly correlated in the White Carpathians: low-altitude areas have both a warmer and a drier climate but a higher density of human population and a large proportion of agricultural land.
Variation in species composition and its underlying factors Ordination and classification and Ellenberg indicator values consistently revealed the main floristic gradient between the western and eastern part of the White Carpathians. This gradient was associated with altitude and climatic factors, such as mean annual temperature and precipitation (Fig. 5) .
The importance of climatic factors for the species composition and richness of vascular plant species at a similar landscape scale as the one used in the current study has been repeatedly reported from various areas, e.g. from Finland (Heikkinen & Neuvonen 1997; Heikkinen et al. 1998; Korvenpää et al. 2003 ) and the Czech Republic (Chytrý et al. 1999; Petřík & Wild 2006) . However, some of the meso-scale studies based on smaller grid cells than those used here, e.g. 1 × 1 km (Heikkinen et al. 1998; Chytrý et al. 1999; Petřík & Wild 2006) , stressed the importance of forested vs. non-forested areas or the presence of particular landscape features such as cliffs, river valleys or wetlands in addition to climatic factors. With the exception of the small Group 1 occurring in open, non-forested and agricultural landscapes, such features were of low importance in the rest of the White Carpathians, probably due to both the coarser grid size that encompassed more vegetation types in each cell (Table 1 ) and the lack of distinct landscape features in this gently undulating landscape. Widespread habitats such as grasslands, forests and arable land (Fig. 5) were important determinants of floristic composition in the White Carpathians (Fig. 6) , acting in concert with altitude, temperature, precipitation and settlement history.
Classification
The floristic differentiation of the White Carpathian landscape revealed by TWINSPAN is more or less congruent with the current phytogeographical division of the Czech Republic (Skalický 1988 ) (compare Figs 2 and 6). The first TWINSPAN division clearly separated the south-west-central part with a high proportion of thermophilous species, which is situated in the phytogeographical region of Thermophyticum, from the north-eastern part and the state border area, which are placed in the Mesophyticum, an area characterised by the predominance of mesophilous grassland and forest species. The TWINSPAN classification did not distinguish the Javorníky district, which was defined by Skalický (1988) , based on the occurrence of Abies alba and a few other mountainous species (Jongepierová & Grulich 1992) . Nevertheless, the current analysis should not be interpreted as evidence against the separation of the Javorníky district, because its core part lies outside the study area, and it might appear to be well-defined if a broader area was analysed. The floristically poorly defined Group 3 (Table 2) is consistent with the floristically poorly characterised Vizovické vrchy district (Jongepierová & Grulich 1992 ) but includes a much larger area within the White Carpathians, extending up to the Bojkovice and Slavičín areas. The main parts of this district extend to the north-west outside the White Carpathians Biosphere Reserve. The lower floristic richness of Group 3 is probably due to intensive agricultural management here. Finally, Group 4 includes the highest forested parts of the White Carpathians with small patches of grasslands. It roughly corresponds to Skalický's district Bílé Karpaty lesní (Forested White Carpathians).
Although the pattern of floristic composition within the White Carpathians revealed in this study showed some slight differences from Skalický's phytogeographical division (Skalický 1988) , it does not provide any strong support for the revision of the established phytogeographical borders within the area. For such a revision, a much larger area should be taken into consideration, but floristic data of comparable extent and quality are not available for the adjacent regions.
